Highlights d T cell profiles in the FL tumor microenvironment are distinct from control tissues d Specific subsets of intratumoral T cells are associated with patient survival in FL d Reduced expression of CD27 and CD28 represents a specific immune signature in FL SUMMARY Follicular lymphoma (FL) is an indolent B cell malignancy characterized by an extensive but poorly functional T cell infiltrate in the tumor microenvironment.
In Brief Yang et al. utilize mass cytometry (CyTOF) to characterize intratumoral T cells and explore the clinical relevance of T cell subsets in follicular lymphoma (FL) . Clustering analysis reveals an immune signature with reduced expression of co-stimulatory molecules on intratumoral T cells that correlated with a poor prognosis in FL.
INTRODUCTION
The tumor microenvironment plays a critical role in the regulation of antitumor immunity, thereby impacting patient outcome in follicular lymphoma (Alvaro et al., 2006; Dave et al., 2004; Glas et al., 2007) . Previous studies have identified T cell subsets with distinctive functional properties, such as T H 1, T H 2, T H 17, T H 22, and T reg (Duhen et al., 2009; Harrington et al., 2005; Nograles et al., 2009; Park et al., 2005) . In addition to these canonical T cell subsets, specific T cell subsets have recently been shown to play crucial roles in immunogenic dysregulation characteristic of certain disease states, such as cancer. For example, in B cell non-Hodgkin lymphoma, our group has identified involvement of TIM-3 + (Yang et al., 2012) and LAG-3 + (Yang et al., 2017) T cells in cytokine-induced T cell exhaustion and have demonstrated a role for CD70 + T cells in transforming growth factor b (TGF-b)mediated T cell inhibition (Yang et al., 2014) within the tumor microenvironment.
Follicular lymphoma (FL) is an indolent B cell malignancy characterized by an extensive but poorly functional T cell infiltrate in the tumor microenvironment. Chemoimmunotherapy is effective in treating FL and rituximab, an anti-CD20 antibody (Ab), combined with chemotherapy (including bendamustine or CHOP) has significantly improved outcomes for FL patients. However, although the median 5-year overall survival reached 74% in FL patients treated with chemoimmunotherapy, a subset of patients who progress early have a very poor outcome (Maurer et al., 2016) . Previous studies have found that an impaired immune response to malignant lymphoma cells accounts in part for the poor outcome in this subset of patients (Dave et al., 2004) .
In FL, increased numbers of intratumoral T cells overall is an immune signature that correlates with the favorable outcome (Dave et al., 2004; Wahlin et al., 2007) . However, the prognostic significance of intratumoral T cells is controversial in that T cell subsets may either positively or negatively correlate with patient outcome (Laurent et al., 2011; Lee et al., 2006; Wahlin et al., 2010) . The prognostic impact of T cells overall may also be influenced by the treatment given. Therefore, the question arises whether a specific T cell signature predominantly predicts patient outcome in FL. In FL, the canonical T cell subsets only account for a portion of intratumoral T cells, and the phenotype of many intratumoral T cells is not well described. In addition, the effect of malignant cells on functional characteristics of known T cell subsets, such as exhausted T cells, T helper cells, and senescent T cells, has not been extensively studied, in part due to limitations in traditional methodologies.
The emergence of mass cytometry or CyTOF (cytometry by time of flight) has revolutionized single-cell proteomics, enabling a comprehensive understanding of cell phenotype, signaling pathways, and function (Amir et al., 2013; Bendall et al., 2011; Wang et al., 2012) . CyTOF offers tremendous advantages over the conventional flow cytometer by providing 135 detection channels and the ability to measure more than 40 markers per cell.
CyTOF has been used to characterize the B cell infiltrate in FL patients (Wogsland et al., 2017) , but the T cell subsets in FL have not been comprehensively defined. In the present study, we employed CyTOF with a broad range of surface markers to characterize intratumoral T cells from a cohort of FL specimens and from non-malignant tissues that served as controls. We extracted clinical data from the FL patients and used CyTOF to determine which T cell subsets were associated with patient outcome in FL. Our data provided a global picture of intratumoral T cell diversity in FL but also identified subpopulations of intratumoral T cells that lack CD27 and CD28 expression in part due to the presence of lymphoma B cells. These findings have therapeutic potential for FL patients in that inhibitory and suppressed T cell subsets lacking co-stimulatory receptors could be specifically activated.
RESULTS

The Overall T Cell Profile in FL Patients Differs from Normal Controls
To profile T cells within the FL microenvironment, we performed CyTOF on viably cryopreserved single-cell suspensions from 31 newly diagnosed FL tumors and non-malignant control tissues from healthy individuals, including 3 reactive lymph nodes (rLN), 4 reactive spleens (rSP), and 6 tonsils. Our CyTOF staining panel included a broad range of phenotypic markers that allowed segregation of previously described T cell subsets (Table S1 ).
We first evaluated whether the FL microenvironment displayed a distinct T cell profile compared to control tissues on a global level. For this, we performed t-distribution stochastic neighbor embedding (tSNE) analysis to characterize the cellular profile in the tumor microenvironment and control tissues. We used increasing numbers of surface makers (see STAR Methods) and utilized tSNE to analyze cell subsets in FL, rLN, rSP, and tonsil specimens. To minimize the variance between samples, we concatenated all files of CD3 + , CD4 + , or CD8 + cells from each FL, rLN, rSP, or tonsil sample into a single representative file. As the numbers of clustering parameters added to the analysis increased, overall visualization of tSNE map for CD3 + , CD4 + , and CD8 + subsets in FL exhibited increasing differences between FL and control tissues (rLN, rSP, and tonsil; Figure 1A ). Supporting this, a principal-component analysis (PCA) showed that, although they were more diffusely spread in control tissue (rLN, rSP, and tonsil), the coordinates were more clustered in FL specimens ( Figure 1B ). Taken together, this global multiparameter analysis suggested that the T cell population in FL tumors exhibited a distinct T cell profile when compared to control tissues.
Within these global profiles, we observed that the expression of typical surface markers differed between intratumoral T cells in FL and controls (rLN, rSP, and tonsil; Figures S1-S3). Specifically, the numbers of naive T cells (CD45RO À CCR7 + ; T N ) were significantly lower in FL than tonsil ( Figure 1C ), suggesting that T cells from FL were more likely to have a memory phenotype. Perhaps as a result of persistent and chronic antigenic stimula-tion present in tumor microenvironment, the population of terminally differentiated cells (CD45RO À CCR7 À ; T EMRA ) was enriched in FL ( Figure 1C ).
Multiple T Cell Subsets Are Present in Tumor Microenvironment of FL
To better characterize the phenotype of CD4 + cells in FL and to determine whether they constitute canonical or novel T cell subsets, we performed a tSNE analysis (Simoni et al., 2017) . As shown in Figure 2A , we identified 12 distinct cell subsets (S1-S12) in CD4 + T cells from FL and tonsils based on the phenotypic similarity. Overall, CD4 + cells from S1-S7 displayed a phenotype of effector memory type, and cells from S8-S12 were either naive or central memory or terminally differentiated memory type ( Figure 2B ). The frequency of each memory type subset varied among the patients as indicated by a broad SD. Compared to tonsil tissues, however, cell numbers from S1, S4, S8, and S12 were significantly higher in FL, suggesting increased numbers of T reg cells, exhausted T cells, anergic effector memory T cells, and terminally differentiated T cells in FL. In contrast, cell numbers from S6, S9, and S11 were higher in tonsil than FL ( Figure 2C ), indicating that activated effector memory cells and naive T cells were highly represented in tonsil tissue. Notably, cell subsets S4, S8, and S12 were almost negligible in tonsil tissue but quite prevalent in FL, suggesting an expansion of terminally differentiated T cells in the lymphoma microenvironment.
Among effector memory cells, both S1 and S2 were CD25 + T cells; however, S2 expressed PD-1 and cells from S1 lacked PD-1 expression. In contrast, cells from S3-S6 were PD-1 + cells but were CD25 À . The CD45RO + cells (memory) comprised these subsets (S1-S6) as well as S7 and S11 subsets. S7 and S11 differed by expression of co-stimulatory molecules CD27/ CD28 as well as CD127, which were expressed on cells from S11, but not S7. Cells from both S8 and S12 were CD45RO À CCR7 + , suggesting a terminally differentiated memory cell type. Of these, S8 expressed T cell markers, such as CD5, CD7, and CD11a and CD127, although cells from S12 were negative for those markers.
In addition to the predominately memory type subsets (such as T reg cells and T FH cells) present in FL, CD4 + naive T cells were variably present in FL biopsy specimens and could be grouped into two subsets (S9 and S10) based on phenotype (CD45RO À CCR7 + ; Figure 2D ). Although the S9 population displayed a typical phenotype of naive T cells, S10 lacked CD127 and CD44 expression and showed weak expression of a number of markers, such as CD7, CD5, CD27, and CD28, suggesting a distinct naive population from a conventional naive cell population (S9; Figure 2E ). Table S1 and Figures S1-S3.
Next, we tested whether any of the cell populations were associated with patient outcome and found that naive CD4 + T cells were associated with a favorable survival outcome in FL. Patients who had more S9 cells in the CD4 + population survived longer than patients who had less S9 cells ( Figure 2F ). Similarly, patients who had increased S10 cells in CD4 + population survived longer than patients who had decreased S10 cell, although this did not achieve statistical significance ( Figure 2F ). We found it somewhat surprising that naive (S9 and S10) rather than memory cells were associated with a favorable prognosis and looked for cell populations that may have a negative impact on prognosis. We noted that multiple populations of CD4 + CD45RO + cells were positive for CD25 or PD-1 expression ( Figure 2B ), suggesting that T reg cells or exhausted T cell populations could account for the fact that memory cells were not associated with a favorable prognosis.
PD-1 Expression Distinguishes Activated T Cells from Intratumoral CD4 + CD25 + T reg Cells
We next sought to characterize CD4 + CD25 + T cells (commonly assumed to be T reg cells) in FL, as it has been documented that CD4 + CD25 + T cells are elevated in FL (Hilchey et al., 2011; Yang et al., 2006) . Using our CyTOF panel, we confirmed enrichment of CD4 + CD25 + T cells in this cohort ( Figure 3A ; p = 0.0395) and further characterized the phenotype of intratumoral CD4 + CD25 + T cells compared to CD4 + CD25 À T cells. Both tSNE and cluster analysis showed a distinct profile between CD4 + CD25 À and CD4 + CD25 + T cells from biopsy specimens of FL ( Figures S4A and S4B ). The CD4 + CD25 + population was more likely to contain memory cells than the CD4 + CD25 À population because the vast majority of CD4 + CD25 + T cells were CD45RO + . As expected, CD127 and CCR4 were reciprocally expressed on CD4 + CD25 À and CD4 + CD25 + T cells. CD4 + CD25 + T cells tended to express low levels of PD-1 (PD-1 low ) and lack CXCR5 expression, suggesting an extrafollicular location, as high levels of PD-1 (PD-1 high ) and CXCR5 are exclusively expressed on T cells in follicles in FL ( Figures S4C and S4D ). Interestingly, CD4 + CD25 + T cells displayed higher expression of activation-related molecules, including CD27, CD28, and CD69, suggesting an activation phenotype for CD4 + CD25 + T cells ( Figure S4D ).
It is unknown whether CD4 + CD25 + T cells display a similar phenotype between FL and tonsil given that these two entities have distinct microenvironments. To evaluate the potential differences, we concatenated data from the 31 FL patient samples into 1 file and data from the 6 tonsils into a second file and ran a tSNE analysis on the CD4 + CD25 + T cells. As shown in Figure 3B , the tSNE maps of CD4 + CD25 + T cells were quite different between FL and tonsil. Specifically, we observed that CD4 + CD25 + T cells in FL exhibited decreased expression level of CD28, CD27, CD69, and PD-1 as well as CD5 and CD7 when compared to tonsil specimens ( Figure 3C ). As a result of increased CD4 + CD25 + T cells in FL that express T cell immunoreceptor with Ig and ITIM domains (TIGIT) ( Figure S4E ), TIGIT expression was greater in FL specimens than in tonsil tissue. The finding that many CD4 + CD25 + T cells had differing expression of activation markers or expression of receptors, such as TIGIT and PD-1, suggested that CD4 + CD25 + T cells may not be a single population but that some may represent a population of T reg cells with an activated phenotype.
To validate the presence of two CD4 + CD25 + subsets in the FL microenvironment, we used tSNE to interrogate the CD4 + CD25 + population in representative FL samples. Indeed, this analysis confirmed two subsets (S1 and S2) of intratumoral T cells that express CD25 ( Figure 3D ). PD-1, expressed predominantly in the S2 subtype, was a major segregator of S1 (CD4 + CD25 + PD-1 À ) and S2 (CD4 + CD25 + PD-1 + ) subsets, both of which expressed CCR4 ( Figure 3D ). Additionally, S1 tended to express reduced levels of activation markers CD27, CD28, CD69, and TIGIT compared to S2 ( Figure 3E ), indicating that S2 has an activated phenotype when compared to S1. Furthermore, the S2 subset had higher levels of CD45RO expression and lower expression of CCR7 than the S1 subset, consistent with a memory phenotype due to activation ( Figure 3E ). Cells from S1 and S2 in tonsil tissues exhibited a similar phenotype to those from FL ( Figure S4F ). We found that S2 was more prevalent than S1 in tonsil specimens although the numbers of S1 cells were significantly higher than S2 cells in FL (p < 0.0001; Figure 3F ). Taken together, these results suggest that CD25 + T reg cells are heterogeneous and PD-1 expression defines two subsets of T reg cells with distinct phenotype in FL.
PD-1-Expressing T Cells Are Heterogeneous, and Subsets of PD-1 + T Cells Are Associated with Overall Survival in FL Predicated on our previous studies demonstrating heterogeneity within PD-1 + cells of the lymphoma microenvironment (Yang et al., 2012 (Yang et al., , 2015 (Yang et al., , 2017 , we next focused on characterizing PD-1 + T cell phenotypes within FL using our CyTOF panel. In this cohort, approximately 71.5% of intratumoral CD3 + T cells expressed PD-1 with either low or high intensity ( Figure S1 ). Among these T cells, CD4 + T cells expressed high levels of PD-1 and CD8 + T cells expressed relatively lower levels of PD-1, which was confirmed by CyTOF shown in both twodimension plots and tSNE maps (Figures 4A and 4B) . Within intratumoral CD4 + T cells, 26.8% and 44.3% were PD-1 high and PD-1 low , respectively ( Figure 4C ). Conversely, CD8 + T cells (C) Graphs showing the percentages of each subset in tonsil and FL. p value was calculated using nonparametric Mann-Whitney test; FL, n = 31; tonsil, n = 6. (D) The tSNE maps of CD4 + T cells from a representative FL specimen. CD45RO and CCR7 expression on subsets S9 and S10 in red circles was shown. (E) Graphs showing the median marker intensity of surface markers from S9 or S10 in FL. (F) Kaplan-Meier curves for overall survival of FL patients (n = 31) by the number of S9 or S10 with a cutoff of 0.31% or 0.99%, respectively. lacked a PD1 high population and were PD-1 low in 67.9% of cells ( Figure 4C ).
Using tSNE analysis, we were able to identify 4 subsets (S3-S6) of CD4 + CD25 À T cells that express PD-1 in FL (Figure 4D) . Consistent with our previous finding (Yang et al., 2015) , a subset of PD-1 + T cells could be segregated by CXCR5 expression and defined the population of follicular T helper (T FH ) cells (S3). Cells from both S4 and S5 displayed reduced expression of co-stimulatory molecules CD27 and CD28, and cells from S3 and S6 were positive for expression of these receptors. CCR4 expression, however, was useful in segregating S4 and S5, as we found that CCR4 was expressed on cells from S5 but expression was negligible on cells from S4 ( Figure 4D ). Cells from S4 and S5 exhibited reduced levels of CD45RO, CD69, CD5, and TIGIT when compared to those from S3 and S6 ( Figure 4E ). These results suggest that cells from S6 may represent a population of activated cells, and cells from S4 appeared to be exhausted cells. Despite these different subsets, tSNE maps revealed that the phenotypes of subsets S3 and S6 or S4 and S5, respectively, were relatively similar. As shown in Figure 4F , S3 (CXCR5 + ) and S6 (CXCR5 À ) showed an overall similar tSNE structure and a similar expression pattern of a number of surface markers, including CD27 and CD28, although CXCR5 expression distinguished the 2 subsets from each other. In contrast, although S4 (CCR4 À ) and S5 (CCR4 + ) displayed an overall similar tSNE structure, these two subsets had a tSNE structure markedly different from subsets S3 and S6. As expected, distribution pattern of surface markers, such as CD27 and CD28, in S4 and S5 was different from S3 and S6. We then utilized flow cytometry to determine whether there was loss of CD27 or CD28 expression on PD-1 + T cells in FL biopsy specimens. As shown in Figure S5A , we could detect CD27 À , CD28 À , or CD27 À CD28 À subpopulations in the PD-1 + T cell population, although the frequency of these subsets was lower when compared to the frequency in the PD-1 À T cell population.
Interestingly, although the total PD-1 + T cell expression level did not predict patient outcome in FL, we observed that subsets of PD-1 + T cells were associated with overall survival. As shown in Figure 4G , higher frequency of S3 and S6 populations (characterized by activation phenotypes) correlated with a better overall survival. In contrast, higher frequency of S4 and S5 populations (characterized by reduced expression of co-stimulatory molecules and activation markers) were associated with an inferior overall survival in FL, although the difference is not statistically significant for the S4 subset ( Figure 4G ). There was no statistically significant correlation between any of the T cell subtypes and the histologic grade of FL. An association with transformation to large-cell lymphoma could not be shown as too few patients transformed (n = 2). These results indicate that phenotypes of intratumoral T cells with altered expression of co-stimulatory molecules and activation markers may play a role in patient outcome in FL.
T Cells Deficient in Co-stimulatory Molecules Are Prevalent in FL and Predict Patient Outcome Because co-stimulatory molecules play a crucial role in T cell activation and function, we surmised that loss of CD28 and CD27 in subsets of memory cells (S1, S3, and S4) was responsible for the lack of association between the abundance of memory T cells and favorable clinical outcome. To define the expression of CD27 and CD28 in FL and tonsil, we generated a tSNE map using the combined samples ( Figure 5A ). Indeed, the number of CD27 À , CD28 À , or CD27 À CD28 À T cells was significantly higher in FL than tonsil ( Figure 5B ). We further confirmed the loss of CD27 on intratumoral T cells in FL by flow cytometry and immunohistochemistry (Figures S5B and S5C) .
We then examined which T cell populations were more susceptible to the loss of co-stimulatory molecules. Deficiency of CD28 or CD27 was distributed across the tSNE map, suggesting that loss of these co-stimulatory molecules occurred in a variety of T cell populations. Specifically, CD25 À T cells had an increased percentage of CD27 À or CD28 À cells relative to CD25 + T cells. We also observed that PD-1 À (PD-1 neg ) T cells tended to lose CD27 or CD28 expression when compared to PD-1 + (PD-1 high plus PD-1 low ) T cells. In terms of cell differentiation, terminally differentiated T cells (T EMRA ) displayed greater loss of these co-stimulatory molecules than other non-T EMRA cells ( Figure 5C ).
The lack of CD27 or CD28 on T cells was also associated with the lack of other markers. As shown in Figure 5D , T cells deficient in CD27 or CD28 exhibited decreased expression of CD5 and CD7. CD27 À or CD28 À T cells also had reduced expression of activation markers, including CD25, CD69, and TIGIT ( Figure 5D ). These results suggest that CD27 À or CD28 À T cells are likely anergic or senescent T cells.
We then determined whether CD27 and CD28 loss was associated with patient survival. Using the Kaplan-Meier method, we found that the loss of CD27 expression was significantly associated with an inferior overall survival in FL patients (p = 0.0073). The loss of CD28 expression showed a similar trend but did not reach statistical significance in this cohort. Similarly, the number of intratumoral CD3 + T cells lacking both CD27 and CD28 expression was associated with a significantly poorer (C) SPADE maps of CD4 + CD25 + T cells from a concatenated file (31 FL or 6 tonsils). The dots in blue or in red indicate low or high expression, respectively. The dots with big size contain more cell events. (D) The tSNE maps of CD4 + T cells from a representative FL specimens. CD25 and PD-1 expression on subsets S1 and S2 in red circles was shown. (E) Graphs showing the percentages of surface markers from S1 or S2 in FL. (F) Graphs showing the percentages of S1 and S2 in tonsil and FL. p value was calculated using nonparametric Mann-Whitney test; FL, n = 31; tonsil, n = 6. See also Figure S4 . (legend continued on next page) survival (p = 0.012; Figure 5E ). We observed that CD27 loss was a key prognostic factor to further stratify patients by overall survival in conjunction with other markers. As shown in Figure 5F , although CD25 + or PD-1 + T cells alone failed to predict patient outcome, when stratified by CD27 expression, both CD25 + and PD-1 + T cells showed a significant correlation with overall survival in FL.
Loss of Co-stimulatory Receptor Expression Represents a Distinct Immune Signature in FL
We next explored whether immune signatures could be identified within the FL cohort using a clustering approach. To do this, we used single-marker frequency from CD3 + T cells from all FL intratumoral specimens and performed clustering analysis using the software Cluster 3.0. As shown in Figure 6A , two main clusters were identified, and these could be distinguished in part by the presence or absence of CD27, CD28, CD5, and CD7 co-expression.
To explore whether this clustering had clinical relevance, we then ran the analysis using the software CITRUS to identify significant clusters between patients alive or dead with long-term follow-up ( Figure 6B ). Using a CITRUS analysis setting that included the minimum cluster size of 5% and false discovery rate (FDR) of 1%, we identified 10 clusters that differed between patients alive and patients who died ( Figure 6B ). We divided these 10 clusters into 4 parent clusters (21536, 21534, 21539, and 21532) according to a unique feature of redundant events. The clusters derived from CD4 + T subsets were defined by distinct phenotypes ( Figure S6A ): cluster 21536, T EMRA cells (CD45RO + CCR7 À CD127 À ); cluster 21539, T N cells (CD45RO low/À CCR7 + CD127 + ); cluster 21534, T H 1 cells (CXCR3 + ); and cluster 21532, T FH cells (CXCR5 + PD-1 + ; Figures  6C and S6B) . Each cluster was confirmed to have a unique phenotype. For example, cluster 21536 had reduced levels of CD27, CD28, CD7, CD11a, and CD69 and cells from other clusters had expression of these T cell markers. The abundance of clusters 21536 and 21534 was lower in live patients than deceased patients, although the opposite result was seen for clusters 21539 and 21532 ( Figures 6C and S6C) .
Given the unique phenotype of these clusters, we wondered whether any of these clusters had prognostic impact in FL. By extracting the abundance events of these 10 clusters from each patient of this cohort, we analyzed survival curve using the Kaplan-Meier method. Although most of these clusters failed to predict patient survival, clusters 21536 and 21523 showed that lower expression of these markers ( Figure S6C ) may be associated with better overall survival ( Figure 6D ). Given that clusters 21536 and 21523 displayed a phenotype of reduced expression levels of CD27, CD28, CD7, CD11a, and CD69, this result was consistent with the finding that the loss of CD27 expression was significantly associated with inferior overall survival in FL patients ( Figure 5F ). This result was also consistent with the finding by the Cluster 3.0 analysis that loss of expression of CD27, CD28, CD5, and CD7 was one of the major clusters in FL ( Figure 6A ). In this cohort, expression of CD27, CD69, and TIGIT were found to be associated with patient outcome. However, the capacity of CD27 loss to further stratify patients by overall survival was extended to almost all the markers used for CyTOF staining panel (Table S3 ). In contrast, CD69 or TIGIT failed to further stratify patients when combined with most markers (Table S3 ). Taken together, these results suggest that unique immune signatures stratifying patients by outcome are present in FL and that CD27 loss has a dominant role in predicting patient outcome.
CD70 + Lymphoma Cells Induce Downregulation of CD27 or CD28 Expression on Intratumoral T Cells, which
Impairs Their Capacity to Proliferate Given our finding of CD27 À and CD28 À T cell enrichment in the FL microenvironment and its association with clinical outcome, we explored the underlying mechanism that accounts for loss of CD27 and CD28. We sorted intratumoral CD3 + T cells by flow cytometry into CD27 + CD28 + T cells or cells that lack expression of either CD27 or CD28 or both ( Figure S7A ). We first determined whether intratumoral T cells were prone to lose CD27 or CD28 expression by activation through TCR stimulation. As shown in Figure 7A , expression of CD27 or CD28 was downregulated in a time-dependent manner when T cells were cultured in anti-CD3-coated plate plus anti-CD28 Ab and compared to cells cultured in uncoated normal plate. In addition to activation, stimulation with cytokines, including TGF-b, also reduced expression of CD27 or CD28 on T cells ( Figure 7B ). Both activation-and TGF-b-induced downregulation of CD27 or CD28 expression was associated with upregulation of CD70 on T cells ( Figures  S7B and S7C) .
In FL, CD70 was abundantly expressed on malignant lymphoma B cells when compared to tonsil tissue ( Figure 7C ) when assessed by immunohistochemistry, and this was confirmed by flow cytometry ( Figure 7D ). We then wanted to test whether CD70-expressing lymphoma cells play a role in the regulation of CD27 or CD28 expression on intratumoral T cells. We used the transformed FL cell line-DoHH2-that expresses high levels of CD70 on the cell surface ( Figure 7Ei ) and co-cultured the cell line with T cells in anti-CD3 Ab-coated plates with anti-CD28 Ab for 3 days. To minimize the effect of DoHH2 cell proliferation on T cell activation, we pretreated DoHH2 cells with actinomycin D to arrest the cell cycle, thereby blocking cell growth. As shown in Figure 7Eii , expression of both CD27 and CD28 was downregulated on T cells co-cultured with DoHH2 cells. Next, we pretreated DoHH2 cells with an anti-CD70 Ab and determined whether blocking CD70 expression on DoHH2 cells reversed the downregulation of CD27 expression. When incubated with an anti-CD70 Ab, less CD70 was detected on DoHH2 cells (Figure 7Eiii ). We found that downregulation of CD27 expression on T cells co-cultured with anti-CD70 Ab-preincubated DoHH2 cells was reversed when compared to T cells (F) The tSNE maps of S3-S6 from the concatenated file of 31 FL specimens. (G) Kaplan-Meier curves for overall survival of FL patients (n = 31) by the number of total PD-1 + cells, S3, S4, S5, or S6 with a cutoff of 65.4%, 5.92%, 2.86%, 3.73%, or 14%, respectively. See also Figure S5 . co-cultured with immunoglobulin G (IgG)-preincubated DoHH2 cells (Figure 7Eiv ), a finding that could not be replicated when T cells were co-cultured with normal B cells that lacked CD70 expression (data not shown). Other CD70 + B cell lines, including Raji (Burkitt's lymphoma) and Mec-1 (chronic B cell leukemia) cells, showed a similar effect. T cells co-cultured with Mec-1 or Raji cells also displayed reduced expression of CD27 and CD28 (Figures S7D and S7E) . These results suggest that CD70-expressing lymphoma B cells are involved in CD27 downregulation seen in FL.
Finally, we wanted to test whether loss of CD27 or CD28 impacted T cell proliferation. To test this, we flow sorted CD27 À CD28 + , CD27 + CD28 À , CD27 À CD28 À , or CD27 + CD28 + T cells from lymphoma tissue and labeled these cells with carboxyfluorescein succinimidyl ester (CFSE) to monitor cell proliferation. Cells were cultured in an anti-CD3-coated plate in the presence of anti-CD28 Ab for 3 days and harvested for flow cytometry analysis. As shown in Figure 7F , CD27 + CD28 + T cells showed the greatest capacity for proliferation among the T cell subsets as a median of 85.1% of cells were CFSE dim (proliferated) cells. Compared to CD27 + CD28 + cells, CD27 + CD28 À , CD27 À CD28 À , or CD27 À CD28 + T cells either lost ability to proliferate or displayed significantly reduced cell proliferation as indicated by a decreased number of CFSE dim cells. The findings are consistent with the observation that CD27 À or CD28 À T cells were highly represented in the terminally differentiated cell population ( Figures 5C and 7G) . These results suggest that, although CD28 expression is crucial, CD27 expression also plays an important role in T cell activation and proliferation. Cells lacking expression of CD27 and CD28 are therefore poorly functional, and increased numbers of these cells in FL limit an effective antitumor immune response.
DISCUSSION
Using conventional flow cytometry and immunohistochemistry, subsets of T cells in the tumor microenvironment of FL have been quantitatively and qualitatively defined (Yang et al., 2006 (Yang et al., , 2009 (Yang et al., , 2012 (Yang et al., , 2014 (Yang et al., , 2015 . In the present study, we sought to more comprehensively define T cell phenotypes in FL using a CyTOF panel of 33 markers to interrogate phenotypes within biopsy specimens from a cohort of 31 FL patients and control tissues. This approach identified T cell populations within the FL microenvironment with prognostic significance in this cohort. Most importantly, we showed that co-stimulatory receptors, CD27 and CD28, are frequently lost on T cell subsets in FL, providing additional evidence to support previous findings describing a suppressive tumor microenvironment in FL (Hilchey et al., 2011; Yang et al., 2012) . Importantly, we showed that loss of these receptors was associated with poor outcome and may be caused in part by CD70 expression on tumor cells.
Global analysis identified differences between the FL tumor immune microenvironment and normal activated tissue visualized by both tSNE and PCA analysis. The tSNE map revealed that intratumoral T cells in FL are heterogeneous, which is consistent with previous studies (Amé -Thomas et al., 2012; Wahlin et al., 2010) . Combined with tSNE analysis, we identified at least 12 subsets from intratumoral CD4 + T cells with 3 subsets that are clearly present in FL and are virtually absent from control tissue. These 3 subsets include exhausted effector memory cells and terminally differentiated T cells. This subset identification represents a way to explore the heterogeneity of intratumoral CD4 + T cells in FL that traditional flow cytometry may not achieve.
Studies have shown that not all CD4 + CD25 + T cells are T reg cells and some are simply activated T cells. Our data showed that PD-1 expression defined a T reg subset of CD4 + CD25 + (S2) as activation-like T cells. Supporting this, we found that this subset expressed increased levels of co-stimulatory and activation markers CD27, CD28, and CD69 when compared to other CD4 + CD25 + T cells. Consistent with previous studies, we found that T reg cells expressed high levels of PD-1 (Tang et al., 2004) and PD-1 expression discriminated T reg cells from activated T cells (Raimondi et al., 2006) .
PD-1 is expressed on a large portion of intratumoral T cells, and PD-1 + cells account for approximately 70% of intratumoral T cells in FL (Yang et al., 2015) . Given such high frequency, more diversity and heterogeneity of PD-1-expressing T cells is anticipated. By CyTOF, we could clearly identify T FH cells that expressed PD-1 but also found that the remaining PD-1 + T cells could be further divided into different subsets using CCR4, CD27, and CD28 expression. One subset of PD-1 + T cells expressing CD27 and CD28 (S6) had high expression of CD69 and other activation-related markers, suggesting an activated phenotype of this population, given that PD-1 itself is also an activation marker. A second subset (S5) was CD25 À but expressed CCR4. Our previous studies had shown that intratumoral T reg cells express CCR4 (Yang et al., 2006) and can be CD25 À , and therefore, CD4 + CCR4 + PD-1 + T cells (S5) likely represent a subset of atypical T reg cells. This segregation is especially meaningful when PD-1 expression is used to predict patient survival. The correlation between intratumoral PD-1 + T cells and patient outcome in FL has been controversial, with some studies finding that PD-1 expression The tSNE map of CD27 or CD28 + cells from CD3 + concatenated file (31 FL and 6 tonsils). CD4 + or CD8 + T cells were gated based on expression levels from CD4 or CD8 staining. (B) Graphs showing the percentages of CD27 À or CD28 À or CD27 À CD28 À cells from CD3 + T cells from 31 FL specimens and 6 tonsil tissues. (C) Graphs showing the percentages of CD27 À , CD28 À , or CD27 À CD28 À cells from CD25 À , CD25 + , PD-1 high , PD-1 low , PD-1 neg , T N , T CM , T EM , or T EMRA cells from 31 FL specimens. (D) Graphs showing the percentages of surface markers from CD27 À , CD27 + , CD28 À , or CD28 + cells from 31 FL specimens. (E and F) Kaplan-Meier curves for overall survival of FL patients (n = 31) by the number of CD3 + CD27 À , CD3 + CD28 À , CD3 + CD27 À CD28 À (E), CD4 + CD25 + , CD4 + CD25 + CD27 À , CD4 + PD-1 + , or CD4 + PD-1 + CD27 À (F) T cells. Bottom: p value indicates a comparison between T N and T EMRA . See also Figure S5 . (legend continued on next page) correlates with a superior outcome and other studies showing an association with an inferior outcome in FL (Carreras et al., 2009; Muenst et al., 2010; Richendollar et al., 2011) . This study shows that, when the total number PD-1 + T cells are analyzed, PD-1 expression is not significantly associated with patient outcome. However, when PD-1 + subsets are identified, patients with more S4 and S5 subsets are associated with a poor survival in FL, and patients with more S3 and S6 subsets correlate with a better outcome.
Our data show that loss of co-stimulatory molecules expression is a dominant immune signature that correlates with poor survival in FL. Although loss of co-stimulatory receptors on T cells may be seen in elderly people (Effros, 1997; Vallejo et al., 1998) and patients with autoimmune diseases, such as rheumatoid arthritis (Lee et al., 2007; Schmidt et al., 1996; _ Zabi nska et al., 2016) , we observed that intratumoral T cells deficient of CD27 and CD28 expression were highly represented in FL. These T cells also tend to lose expression of CD5 and CD7, consistent with previous data (Schmidt et al., 1996) . Previous studies have shown that interaction with CD70 results in downregulation of CD27 expression on T cells (Hintzen et al., 1994) , and we find that CD70 + lymphoma cells contribute to the generation of CD27 low cells in patients with FL.
Given important roles of these surface markers for T cells, we anticipated that T cell function would be impaired by their loss. Indeed, we found that, phenotypically, CD27 À or CD28 À T cells showed reduced expression of other activation-related markers, and functionally, these T cells displayed decreased proliferation in response to TCR stimulation. As a result, we observed that increased numbers of CD27 À CD28 À T cells in the tumor microenvironment correlated with a worse clinical outcome in FL. This observation is in line with the finding that CD27 is required for generation and long-term maintenance of T cell immunity (Hendriks et al., 2000) . Importantly, we identified several clusters that differed between patients who were still alive with ongoing follow-up and patients who had died. One of these clusters, with a CD27 À CD28 À CD7 À CD69 À phenotype, predicted patient outcome in FL. This further confirmed the finding that loss of CD27 expression is associated with a poor outcome in FL.
Although these findings are exploratory in nature, they are of particular relevance in the era of immune checkpoint therapy when agents, such as anti-PD-1 antibodies, are being tested in clinical trials for many diseases, including FL. Our data confirm the expression of PD-1 on many intratumoral T cell subsets but also find that some of these subsets lack expression of CD28 and CD27. Recent data have shown that the co-receptor CD28 is strongly preferred over the T cell receptor (TCR) as a target for dephosphorylation by PD-1-recruited Shp2 phosphatase (Hui et al., 2017) . It was further shown that CD28, and not the TCR, is preferentially dephosphorylated in response to PD-1 activation by PD-L1 in an intact cell system, suggesting that PD-1 suppresses T cell function primarily by inactivating CD28 signaling. Increased populations of PD-1 + CD28 À CD27 À intratumoral T cells in FL, as found in this study, may explain the modest clinical benefit from treatment with the PD-1 blocking antibodies nivolumab and pembrolizumab in this patient population (Ding et al., 2017; Lesokhin et al., 2016) . Although it was expected that increased PD-1 expression in FL would result in high response rates to PD-1 blockade, response rates have been low and responses have not been durable. The loss of co-stimulatory receptors on the PD-1-positive cells likely explains the lack of clinical benefit, and the prevalence of cells lacking costimulatory receptors may be a biomarker for response in FL.
Of note, however, the prognostic value of the biomarkers presented in this work should be tempered with the recognition of some limitations of the data. First, due to the exploratory nature of the study, we did not perform an adjustment for multiple comparisons. Second, because of the small sample size and our inability to adjust for some of the known prognostic variables, including the Follicular Lymphoma International Prognostic Index (due to missing data) in this patient series, it is possible that the observed association between the biomarkers under study and patient survival may be confounded by other clinicopathologic variables that were not adjusted for in an univariate analysis. As such, any prognostic findings will need to be further validated in other independent patient cohorts.
In summary, using CyTOF, we identified subsets of T cells that are present in FL but virtually absent in tonsil. Furthermore, we found that CD4 + PD-1 + T cells are heterogeneous and some subsets correlate with FL patient survival. Notably, we identified that the loss of co-stimulatory receptors, including CD27 and CD28, defines an immune signature that correlates with patient outcomes in FL, and this signature is driven in part by CD70 expression on the malignant cells. Taken together, these results provide important information to further understand the tumor microenvironment in FL and potential benefit from immunological therapies.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Patient Samples
Patients providing written informed consent were eligible for this study if they had a tissue biopsy that on pathologic review showed follicular B cell non-Hodgkin lymphoma (NHL) and adequate tissue to perform the experiments. The patients were seen at our hospital from November 1984 to November 2009. The use of human tissue samples for this study was approved by the Institutional Review Board of the Mayo Clinic/Mayo Foundation. Patient characteristics, including age, sex, and health status, are summarized in Table S2 . Lymph nodes, tonsils and spleen tissue from adult patients without lymphoma served as controls.
Mononuclear cells were isolated from biopsy specimens of patients or healthy donors using centrifugation over Ficoll Paque solution. T cell subsets were isolated by either microbeads or flow sorter and subjected to primary culture for assays. For functional assays, T cells were cultured in OKT-coated plates with anti-CD28 Ab in RPMI 1640 medium containing 10% fetal bovine serum, 1% penicillin-streptomycin (10,000 U/mL and 10,000 mg/mL, respectively) in an incubator containing 5% CO 2 at 37 C.
Cell lines
Three cell lines (DoHH2, Raji and Mec-1) were used in the study. DoHH2 cell line was established from the pleural effusion of a 60-year-old man with refractory immunoblastic B cell lymphoma progressed from follicular centroblastic/centrocytic lymphoma. Raji cell line was established from 11-year-old boy with Burkitt's lymphoma. Mec-1 cell line was established from the peripheral blood of a 61-year-old Caucasian man with chronic B cell leukemia. These cells were cultured in RPMI 1640 medium containing 10% fetal bovine serum, 1% penicillin-streptomycin (10,000 U/mL and 10,000 mg/mL, respectively) in an incubator containing 5% CO 2 at 37 C. Culture medium was changed by centrifugation (300 x g for 5 minutes) with subsequent resuspension of the cell pellet in fresh medium.
METHOD DETAILS
Cell isolation and purification Fresh tissue biopsy specimens from FL tumors, reactive lymph nodes, reactive spleens and tonsils were gently minced over a wire mesh screen to obtain a cell suspension. The cell suspension or peripheral blood from patients or healthy donors was centrifuged over Ficoll Paque at 500 x g for 15 minutes to isolate mononuclear cells. CD3 + or CD4 + T cells were isolated using positive selection with CD3 or CD4 microbeads kit (StemCell Technologies, Vancouver, Canada). For purification of CD27 + , CD28 + or CD27 + CD28 + or CD27 -CD28 -T cells, PBMCs were stained with fluorochrome-conjugated anti-CD3, CD27 and CD28 Abs. After gating on CD3 + T cells, CD27 + , CD28 + , CD27 + CD28 + or CD27 -CD28 -T cells were isolated by a flow cytometry sorter.
Mass cytometry (CyTOF)
The CyTOF assay was performed according to the manufacturer's instruction. Briefly, 3 3 10 6 cells were stained with 5 mM Cell-ID TM Cisplatin (Fluidigm, San Francisco, CA) for 5min and quenched with MaxPal Cell Staining Buffer (Fluidigm) using 5 times the volume of the cell suspension. After centrifugation, cell suspensions (50 ml) were incubated with 5 mL of human Fc-receptor Blocking solution (Biolegend, San Diego, CA) for 10min and 50 mL of pre-mixed antibody cocktail (Table S2 ) for 30 min. After washing, cells were incubated with 1ml of cell intercalation solution (125nM MaxPal Intercalator-Ir into 1ml MaxPal Fix and Pem Buffer, Fluidigm) overnight at 4 C. Cells were centrifuged with MaxPal Water and pelleted. The pelleted cells were suspended with EQ Calibration Beads (Fluidigm) and cell events were acquired by a CyTOF II instrument (Fluidigm).
CyTOF data analysis
The CyTOF data were analyzed using online software Cytobank (Kotecha et al., 2010) . All the samples were normalized and analyzed simultaneously to account for variability in signal across long acquisition times. A high-level gating strategy was applied simultaneously to all CyTOF files ( Figure S1 ). For specific analysis purpose, we concatenated all sample files to one file. To generate flow files for certain population, we split files by the population and downloaded them into individual file for each sample. The platforms for tSNE, SPADE and Citrus were used to analyze the data. Linage markers (CD4, CD8, CD25, CD127, PD-1, CXCR5, CCR7 or CD45RO) were usually included in the analysis to distinguish T cells, T reg cells, exhausted cells, naive or memory T cells.
A tSNE map was generated by the t-Distribution Stochastic Neighbor Embedding (tSNE) analysis that makes a pairwise comparison of cellular phenotypes to optimally plot similar cells close to each other and reduces multiple parameters into two dimensions (tSNE1 and tSNE2). For most analysis, we selected equal events for each sample. Channel (markers) selection was variable depending on cell populations to be clustered. We chose the 3,000 iterations, perplexity of 30 and theta of 0.5 as standard tSNE parameters. Specifically, for S1-S12 identification of CD4 + T cells by tSNE analysis, we selected channels of CD25, CCR4, PD-1, CXCR5, CD27, CD28, CCR7, CD127 and TCR-gd to segregate cell populations. After viSNE plots were generated, we first defined CD25 + T subsets based on whether or not PD-1 was expressed (S1-S2). And then, PD-1 + subsets were segregated from CD25 -T cells based on expression of CXCR5, CCR4, CD27 and CD28 (S3-S6). We defined non-CD25 + and non-PD-1 + cells as naive or memory cells by expression of CD45RO and CCR7. The memory subsets (CD45RO+CCR7-) were defined using CD5, CD27, CD28 and CD127 (S7, S8). The naive T subsets (CD45RO -CCR7 + ) were segregated based on expression of CD127, CD44, CD27 and CD28 Cell Reports 26, 2178-2193.e1-e3, February 19, 2019 e2 (S9, S10). S11 and S2 were defined as central memory (CD45RO + CD127 + ) and terminally-differentiated memory (CD45RO -CCR7 -) cells, respectively.
For SPADE analysis, we used 100 target numbers of nodes and 10% downsampled events target. The clustering channels were selected based on whether they were lineage markers and which cell population to be clustered.
For CITRUS (cluster identification, characterization, and regression) analysis, Significance Analysis of Microarrays (SAM) -Correlative and Abundance were selected for Association Models and Cluster Characterization, respectively. Principal Component analysis was performed to compare the effect of principal components on variables between FL and tonsil specimens. Cluster analysis of intratumoral CD3 + or CD4 + CD25or CD4 + CD25 + T cells was performed by Cluster 3.0 to achieve the hierarchical analysis and visualized via the Java TreeView 1.0.5.
Flow cytometry and T cell proliferation
Expression of surface markers on T or B cells was measured by flow cytometry. Cells were washed in phosphate-buffered saline (PBS) and incubated with CD3, CD4, CD8, CD19, PD-1, CD70, CD27 and CD28 specific fluorochrome-conjugated antibodies and analyzed by flow cytometry (Becton Dickinson, San Jose, CA). T cell proliferation was measured using CFSE staining assay. Briefly, cells were washed and resuspended at 1 3 10 7 /mL in PBS. A stock solution of carboxyfluorescein succinimidyl ester (CFSE, 5 mM) was diluted 1:100 with PBS and added to the cells for a final concentration of 5 mM. After 10 minutes at 37 C, cells were washed 3 times with 10 vol PBS containing 10% FBS. CFSE-labeled responding cells were cultured in OKT-coated plate the presence of anti-CD28 Ab at 37 C and 5% CO 2 . Cells were harvested at day 3, washed, and stained with fluorochrome-conjugated antibodies for detection of surface markers for 30 minutes at 4 C. Cells were analyzed by flow cytometry. The percentage of CFSE dim were measured and calculated as the percentage of proliferated cells.
Immunohistochemistry
Paraffin embedded tissue was obtained from Mayo Clinic Tissue Registry and the tissue sections were deparaffinized in xylene. After cleared through graded ethanol series, endogenous peroxidase was quenched by incubation in 50% methanol/H 2 O 2 . The sections were pretreated 30 min with 50 mM EDTA, pH 8.0 using a steamer and cooled for an additional 5 min. The staining was performed automatically on DAKO Autostainerplus using CD70 Ab (LSBio, LS-A8809, 3mg/ml) or mouse IgG1 control (DAKO, #x0931, 1:100000). The sections were stained with hematoxylin and rinsed well in tap water. The slides were observed with light microscopy (Olympus AX70, 200 x/aperture 0.46, 400 x/aperture 0.75, 600 3 /aperture 0.80; Olympus America, Melville, NY, USA) with images captured with a SPOT RT camera and software (Diagnostic Instruments, Burlingame, CA, USA).
QUANTIFICATION AND STATISTICAL ANALYSIS
Student's t test was used to compare the distributions of continuous biomarkers when the normal distribution assumption was adequate. When normal distribution was in question, the non-parametric Wilcoxon rank-sum test was used. For matched-paired data, the paired t test or Wilcoxon sign-rank tests were used. Overall survival was measured from the date of diagnosis until death from any cause. The Kaplan-Meier method was used to estimate overall survival. The univariate associations between individual clinical features and survival were determined with the log-rank test. Due to the exploratory nature of these studies, multiple comparison adjustment was not performed; in all cases, p < 0.05 was used to declare statistical significance.
DATA AND SOFTWARE AVAILABILITY
All CyTOF files were deposited at the FlowRepository website (http://flowrepository.org/). The software to analyze these files including viSNE, SPADE and CITRUS were obtained from the Cytobank website (https://cytobank.org/) and need a subscription.
